All data generated or analyzed during this study are included in this published article \[and its supplementary information files\].

Introduction {#sec001}
============

The most common and aggressive primary tumor of the brain is designated Glioblastoma (GBM). It is classified by the WHO (World Health Organization) as grade IV glioma. In the United States it accounts for 46.6 percent of all malignant tumors of the central nervous system (CNS) and for 55.4 percent of gliomas. Its incidence is 3.21 per 100.000 population which accounts for 13,010 cases projected in 2018 and 13,310 cases projected in 2019 \[[@pone.0218972.ref001]\]. Current standard of medical treatment after maximal safe resection is radiotherapy and adjuvant chemotherapy with the alkylating agent temozolomide. Unfortunately, in patients with newly diagnosed GBM the median survival under this treatment is only 12 to 15 month \[[@pone.0218972.ref002],[@pone.0218972.ref003]\] and there is urgent need for new strategies for treatment including targeted and immunotherapy strategies (for recent reviews see \[[@pone.0218972.ref004],[@pone.0218972.ref005]\]). Among the intracellular pathways, which are intensively investigated as potential targets for treatment strategies, is the PI3K/AKT/mTOR pathway (Phosphoinositide 3-kinase/Ak strain transforming/mechanistic target of rapamycin pathway) (for review see \[[@pone.0218972.ref006]\]). The more than 50 PI3K inhibitors that have been designed for cancer treatment are classified into pan-PI3K, isoform selective or dual PI3K/mTOR inhibitors (for a recent review see \[[@pone.0218972.ref007]\]). The drugs MK-2206 and perifosine (KRX-0401) are used as inhibitors of Akt and there is a number of inhibitors of mTOR currently investigated, including temsirolimus, sirolimus (rapamycin), everolimus and ridaforolimus (for review see: \[[@pone.0218972.ref005]\]).

In recent years our group investigated whether the dipeptide carnosine (β-alanyl-L-histidine) is a candidate for glioblastoma therapy. Carnosine has originally been isolated from Liebig's meat extract almost 120 years ago by Gulewitsch and Amiradzibi \[[@pone.0218972.ref008]\]. The dipeptide is highly abundant in skeletal muscle with around 20±4.7 mmol per kg dry weight \[[@pone.0218972.ref009]\], and since its discovery several physiological properties have been ascribed to it, such as pH-buffering, scavenging of reactive oxygen species and heavy metal ions, protection from lipid peroxidation and ischemic brain damage (for a comprehensive review see \[[@pone.0218972.ref010]\]). Furthermore, an anti-neoplastic effect of carnosine has been demonstrated in vitro and in vivo in a number of cancer models, such as human colon carcinoma \[[@pone.0218972.ref011]\], gastric carcinoma \[[@pone.0218972.ref012]\], cervix carcinoma \[[@pone.0218972.ref013]\], and GBM \[[@pone.0218972.ref014],[@pone.0218972.ref015]\]. Interestingly, the dipeptides effect is not limited to proliferation and cell cycle control, but it is also able to decrease the migration of glioblastoma cells \[[@pone.0218972.ref016]\]. In fact, migration and invasive behavior are hallmarks of glioblastoma, leading to recurrence of tumors only a few months after surgical removal of the primary tumor mass.

Unfortunately, not much is known about the molecular targets of carnosine in cancer cells. Among the mechanisms discussed are an influence on ATP production from glucose \[[@pone.0218972.ref017]\], and there are observations that depending on the model investigated, hypoxia inducible factor 1 (HIF1) \[[@pone.0218972.ref018]\], the signal transducer and activator of transcription 3 (STAT3) \[[@pone.0218972.ref019]\], the mitogen-activated protein kinase (MAPK) \[[@pone.0218972.ref020]\], and the Kirsten rat sarcoma viral oncogene (KRAS) \[[@pone.0218972.ref021]\] might be influenced. In addition, there have been hints that the Akt/mTOR/Ribosomal protein S6 kinase beta-1 pathway is involved in carnosine's anti-neoplastic effect \[[@pone.0218972.ref022]\]. At this point, it is noteworthy, that other observations also point towards the possibility that carnosine may be a mimic of rapamycin, which is an inhibitor of mTORC1 (mTOR complex 1) \[[@pone.0218972.ref023]\]. In addition, carnosine's anti-neoplastic effect in glioblastoma cells was shown to be accompanied by increased expression of pyruvate dehydrogenase kinase 4 (PDK4) \[[@pone.0218972.ref024]\]. As PDK4 expression is regulated by transcription factors, such as FOXO1a and FOXO3a (Forkhead box protein O1a and O3a) \[[@pone.0218972.ref025]\], which are downstream effectors of PI3K/AKT/mTOR signaling, we hypothesized that carnosine's anti-neoplastic effect may be mediated by an influence on this pathway. Therefore, we compared the effect of carnosine on glioblastoma cell viability, PDK4 expression and signaling molecule phosphorylation with the PI3K inhibitor Ly294,002 and the mTOR inhibitor rapamycin in two cell lines derived from glioblastoma.

Materials and methods {#sec002}
=====================

Reagents {#sec003}
--------

If not stated otherwise, all chemicals were purchased from Sigma Aldrich (Taufkirchen, Germany) including the PI3K inhibitor Ly-294,002, and the carnosine employed in this study (Cat.-Nr.: C9625/ Lot: BCBK4678V). The mTOR inhibitor rapamycin was purchased from Santa Cruz Biotechnology (Heidelberg, Germany).

Cell culture {#sec004}
------------

U87 (ATCC HTB-14) and T98G (ATCC CRL-1690) cells were obtained from the American Type Culture Collection (ATCC, Manassas, USA) and genotyped (Genolytic GmbH, Leipzig, Germany) to confirm their identity prior to the experiments. Cells were propagated in 250 ml culture flasks (Sarstedt AG & Co., Nümbrecht, Germany) using 10 ml of standard culture medium (SCM) consisting of DMEM (Dulbecco's Modified Eagle Medium) with 4.5 g/l glucose, and without pyruvate (Life Technologies, Darmstadt, Germany), supplemented with 10% fetal bovine serum (FBS superior, Biochrom, Berlin, Germany), 2 mM GlutaMAX (Life Technologies) and Penicillin-Streptomycin (Life Technologies) at 37°C and 5% CO~2~ in humidified air in an incubator.

Reporter gene construction {#sec005}
--------------------------

The human PDK4 promoter (-3968/+319 bp relative to the transcription start site) was obtained by PCR (polymerase chain reaction) employing the GoTaq Long PCR Master Mix (Promega, Mannheim, Germany) using genomic DNA extracted from T98G cells (QIAamp DNA mini Kit, Qiagen) as template using the following primers: *hPDK4\_(-)3968*: `5’-CAT GGC GGG ATC CTT TCT TAT GGG CTG C-3’`; (forward) and *hPDK4\_(+)319*: `5’-CGC CTC CAT GGT GAC GCC CAC CC-3’` (reverse). *hPDK4\_(-)3968* was designed containing a *Bam*HI recognition site and *hPDK4\_(+)319* containing an *Nco*I recognition site (both underlined in the primer sequences presented). These recognition sites allowed subcloning of the amplification product into the reporter gene *pT81_GauIII* (containing the secreted luciferase from *Gaussia princeps* \[[@pone.0218972.ref026]\]) after restriction digestion of both the PCR product and the vector. In this way the reporter gene *hPDK4_GauIII* was obtained in which a \~4000 bp 5'-region (-3986/+319) from the PDK4 gene controls the luciferase from *Gaussia princeps* with the endogenous PDK4 start codon matching the start codon of the luciferase gene.

Reverse transcription--quantitative real time polymerase chain reaction experiments {#sec006}
-----------------------------------------------------------------------------------

For the quantification of mRNA, RT-qPCR (reverse transcription--quantitative real time polymerase chain reaction) experiments were carried out as described \[[@pone.0218972.ref024]\]. Briefly, 10^6^ cells were seeded into 100-mm cell culture dishes (TPP, Trasadingen, Switzerland) with 10 ml of medium. After 24 hours of incubation, cells received fresh medium containing the compounds to be tested. Cells were harvested 24 hours later and RNA was isolated using a miRNeasy mini kit (Qiagen, Hilden, Germany) according to manufacturer's instructions. The RNA was stored at -80°C until further use. 500 ng of RNA were used for reverse transcription employing the ImProm-II Reverse Transcription System (Promega, Mannheim, Germany) according to manufacturer's instructions using random primer sets. DNA amplification was performed on a Rotor-Gene 3000 system (Qiagen) employing SYBR Green (Maxima SYBR Green/ROX qPCR Master Mix, Thermo scientific). Copy numbers of individual mRNAs were determined using linearized plasmid DNA (described in \[[@pone.0218972.ref024]\]) containing the corresponding target sequence. Data analysis was performed using the Rotor-Gene 6 software, and data was processed as described \[[@pone.0218972.ref024]\]. For reference, the transcript encoding the TATA-box binding protein (TBP) was used. Primer sequences: *PDK4_forward*: `5’-CTG TGA TGG ATA ATT CCC-3’`; *PDK4_reverse*: `5’-GCC TTT AAG TAG ATG ATA GCA-3’`; *TBP_forward*: `5’-TGA CCT AAA GAC CAT TGC AC-3’`; *TBP_reverse*: `5’-GCT CTG ACT TTA GCA CCT GTT-3’`.

Cell viability assays {#sec007}
---------------------

For the determination of ATP production the CellTiter-Glo Assay (CTG) and for the determination of dehydrogenase activity the CellTiter-Blue Assay (CTB) were employed (all from Promega, Mannheim, Germany) according to the instructions of the manufacturer, and as described previously \[[@pone.0218972.ref027]\]. All measurements of luminescence and fluorescence were performed using either a Mithras LB 940 Multimode Microplate reader (Berthold Technologies, Bad Wildbad, Germany) or a Spectra Max M5 reader (Molecular Devices, Biberach, Germany).

Transfection experiments {#sec008}
------------------------

Transient transfection was performed using TurboFect transfection reagent (Thermo scientific, Dreieich, Germany) according to manufacturer's instructions. The ratio of DNA to TurboFect employed was 2 μg DNA per 4 μl transfection reagent. For transfection, cells were first seeded in 96-well plates at a density of 10,000 cells per well in 200 μl of medium. After 24 hours, old medium was removed and fresh medium containing the DNA/Polymer complexes was added (100 μl with an equivalent of 25 ng DNA). Three hours later, medium was exchanged and the cells received fresh medium with the supplements to be tested. *Gaussia* luciferase activity was determined from the supernatant 24 hours after the start of the transfection as described before \[[@pone.0218972.ref026]\]. Briefly, cell supernatant (5 μl) was transferred into a well of a white 96-well plate (Greiner bio-one, Frickenhausen, Germany). After an incubation of 20 minutes at room temperature, *Gaussia* luciferase activity was determined using a Mithras LB 940 Multimode reader (Berthold Technologies, Bad Wildbad, Germany) by injecting 50 μl of luciferase assay reagent (20 mM MOPS (3-(N-morpholino)propanesulfonic acid); 0.75 M KBr; 5 mM MgCl~2~; 5 mM CaCl~2~; 1 mM EDTA (ethylenediaminetetraacetic acid); 10 μM Coelenterazine; pH 7.8) to the cell supernatant, followed by a 1.6 second delay until luminescence was determined within a 0.5 s integral.

Western Blot analysis {#sec009}
---------------------

Western Blot experiments were performed with cells cultivated at a density of 10^6^ cells per dish in 100-mm cell culture dishes for 24 hours in the presence of the test compounds. Briefly, cells were washed twice with ice-cold washing buffer (137 mM NaCl; 5.4 mM HCl; 0.41 mM MgSO~4~, 0.49 mM MgCl~2~; 0.126 mM CaCl~2~; 0.33 mM Na~2~HPO~4~; 0.44 mM KH~2~PO~4~; 2 mM HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid); pH 7.4), and were then transferred to a 1.5 ml reaction vial using a cell scraper (TPP, Trasadingen, Switzerland), and 1 ml of ice-cold washing buffer. Cells were collected by centrifugation (500xg; 4 min; 4°C), and resuspended in 150 μl of ice-cold RIPA buffer (50 mmol/l Tris (tris(hydroxymethyl)aminomethane); 150 mmol/l NaCl; 1% Nonidet P40; 0.25% Natriumdesoxycholat; 0.1% SDS; pH 8.0) containing a combination of protease inhibitors (0.025 mg/ml Aprotinin; 0.025 mg/ml Leupeptin; 2.5 mmol/l Benzamidin; 0.01 mg/ml Pepstatin A; 2.5 mmol/l phenylmethylsulfonylfluorid), phosphatase inhibitors (PhosSTOP, Sigma) and 1 mmol/l DTT (Dithiothreitol). Cells were sonified using a Bioruptor system (Diagenode, Seraing, Belgium) at highest energy setting using a "30 s on/ 30 s off" protocol for 7.5 min. After sonification debris was removed by centrifugation (5500xg; 5 min; 4°C) and the supernatant containing the proteins was transferred to fresh reaction vials. Proteins were either immediately used for Western blotting or frozen at -80°C for long term storage.

SDS-PAGE (sodium dodecyl sulfate--polyacrylamide gel electrophoresis) was performed with 30 μg of protein per lane using a Mini-PROTEAN System (Bio-Rad, Munich, Germany). For the detection of Akt, gels with a concentration of 12% acrylamide were used, and for the detection of mTOR, gels with an acrylamide concentration of 6%. After electrophoresis, proteins were transferred to PVDF (polyvinylidene difluoride) membranes (Low Fluorescence Membrane Opti Blot, Abcam, Cambridge, GB) using a Mini Trans-Blot Cell (Bio-Rad). Then, the membranes were incubated with antibodies diluted in TBST (Tris-buffered saline with Polysorbate 20: 20 mM Tris, 134 mM NaCl, 0.1% Tween 20 and 2% (w/v) bovine serum albumin; pH 7.6) at the dilutions indicated below.

The primary antibodies used were: mouse anti-pan-AKT \[Cell Signaling; \#2920\] 1:2000 in TBST; rabbit anti-PSer473-AKT \[Cell Signaling; \#4058\] 1:1000 in TBST; mouse-anti-mTOR \[Millipore; \# 05--1564\] 1:1000 in TBST; rabbit anti-PSer2448-mTOR \[Cell Signaling; \#2971\] 1:1000 in TBST. The secondary antibodies employed (red fluorescent IRDye 680RD Goat anti-Mouse and green fluorescent IRDye 800CW Goat anti-Rabbit; both diluted 1:5000 in TBST) were purchased from LI-COR (LI-COR Biosciences, Lincoln, USA). Membranes were scanned using an Odyssey Imaging System (LI-COR, Bad Homburg, Germany), and band intensities were determined by the Image Studio 5 software (LI-COR).

Statistical analysis {#sec010}
--------------------

Statistical analysis was carried out using SPSS (IBM, Armonk, USA; Version: 24.0.0.2 64-bit). For multiple comparisons, a one-way ANOVA with the Games-Howell post hoc test was used. A significance level of p\<0.05 was considered to be significant. Relative data resulting from two or more experiments or parameters (normalization to reference) with a separate mean and standard deviation are presented using Gaussian error propagation as described before \[[@pone.0218972.ref024]\]. For the comparison of data obtained from the densitometric analysis of different Western Blot experiments, a least square method was employed in order to calculate means and standard deviations \[[@pone.0218972.ref028]\].

Results {#sec011}
=======

PDK4 expression under the influence of carnosine, rapamycin and Ly-294,002 {#sec012}
--------------------------------------------------------------------------

In a first series of experiments, we asked whether the effect of carnosine on the expression of PDK4 in U87 and T98G glioblastoma cells, that was described by Letzien et al. \[[@pone.0218972.ref024]\], can also be detected using inhibitors of PI3K/Akt/mTOR signaling. Therefore, cells from the two lines were exposed for 24 hours to carnosine (50 mM), the PI3K inhibitor Ly-294,002 (5 μM), the mTORC1 inhibitor rapamycin (25 nM), and to combinations of the compounds. Then, mRNA was isolated and subjected to RT-qPCR. The result of the experiment is presented in [Fig 1](#pone.0218972.g001){ref-type="fig"}. The concentration of rapamycin employed in the experiments (25 nM) has been determined to result in a maximal effect on PDK4 expression in U87 cells, whereas that of Ly-294,002 (5 μM) resulted in an increase of 60% compared to the maximal achievable effect at a concentration of 10 μM in U87 cells ([S1 Fig](#pone.0218972.s001){ref-type="supplementary-material"}). The rational for using Ly-294,002 at a concentration of 5 μM instead of 10 μM was based on suppliers information that the compound has an IC50 of 0.5 μM/0.57 μM/0.97 μM for PI3Kα/δ/β (Selleckchem, Munich, Germany), but that the compound may also affect targets seemingly unrelated to the PI3K family with an IC50\>50 μM (Abcam). Therefore, we preferred to have a concentration as low as possible, but resulting in a reproducible significant effect. As can be seen in [Fig 1](#pone.0218972.g001){ref-type="fig"}, carnosine significantly increased the expression of PDK4 in both cell lines, but only in U87 cells a significant increase is seen under the influence of rapamycin and Ly-294,002. Combining Ly-294,002 with carnosine resulted in a higher expression of PDK4, compared to expression with carnosine alone, but only for U87 cells significance was confirmed (p\<0.005). Although, the combination of carnosine with rapamycin did also result in a higher expression, compared to that in carnosine alone, this effect was not significant in both cell lines.

![Influence of carnosine, rapamycin and Ly-294,002 on the expression of PDK4 and TBP in cells from the glioblastoma cell lines U87 and T98G.\
Cells from the lines U87 and T98G were cultivated for 24 hours in the presence of carnosine (Car; 50 mM), rapamycin (Rapa; 25 nM), Ly-294,002 (Ly; 5 μM) or a combination of the compounds. Afterwards expression of PDK4 and TBP was measured and the fold change of expression under the influence of the compounds was determined. Asterisks above the columns indicate a significantly increased expression under the influence of the test compound compared to untreated control cells and the asterisks at the lines connecting columns indicate significant differences between the connected columns: ns: not significant; \*: p\<0.05; \*\*: p\<0.005; \*\*\*: p\<0.0005.](pone.0218972.g001){#pone.0218972.g001}

Expression of a PDK4 reporter gene under the influence of carnosine, rapamycin and Ly-294,002 {#sec013}
---------------------------------------------------------------------------------------------

As rapamycin and Ly-294,002 were both able to increase expression of PDK4 in the two cell lines investigated (although significance was only confirmed for U87), we wondered whether carnosine exerts its effect on PDK4 expression via PI3/Akt/mTOR signaling. In order to prove this hypothesis, reporter gene assays were performed. The experiments were based on the observation that the effect of PI3K/Akt/mTOR signaling on expression of PDK4 is mediated by elements in the 5'-upstream region of the gene, e.g. by binding sites for transcription factors of the FOXO family \[[@pone.0218972.ref025]\]. Therefore, we asked whether the effect of carnosine is also mediated by elements located in the promoter of the gene. To answer this question, a reporter gene was constructed that covered a region from the human PDK4 gene (hPDK4) encompassing 3968 bp upstream from the transcriptional start point and 319 bp downstream of it, including the start codon of hPDK4 controlling a luciferase gene with a secretion signal from *Gaussia princeps*. The construct designated "*hPDK4_GauIII*" was transfected into U87 and T98G cells. After 3 hours of exposure to the DNA/transfection complexes, medium was exchanged and the cells were exposed to carnosine (50 mM), rapamycin (25 nM) and Ly-294,002 (5 μM). Twenty-four hours later, luciferase activity was determined from the supernatant. As reference, cells were also transfected with the reporter gene "*pT81_GauIII*" used for the construction of "*hPDK4_GauIII*" which only contained a minimal promoter from the thymidine kinase of *Herpes simplex*. The result of a corresponding experiment is presented in [Fig 2](#pone.0218972.g002){ref-type="fig"}. The experiment demonstrates a significant response of the PDK4 reporter gene to the presence of rapamycin in both cell lines. In the presence of Ly-294,002, we also observed increased expression in both cell lines but statistical significance could only be confirmed for U87 cells. Regarding expression of the corresponding control vector, no statistically significant influence of carnosine, rapamycin, and Ly-294,002 was obtained. In the presence of carnosine, the reporter gene and the control plasmid exhibited a comparable reduced expression in U87 cells (statistically significant only for the reporter gene) and no response in cells from the line T98G. Note: The negative response in the presence of carnosine, which becomes significant in U87 cells transfected with the reporter gene, is a result of reduced viability under the influence of the dipeptide (compare [Fig 3](#pone.0218972.g003){ref-type="fig"}). Therefore, we conclude that carnosine's effect on expression of the endogenous PDK4 gene is independent from an interaction of transcription factors within the tested cis-elements and also different from the effects exhibited by rapamycin and Ly-294,002.

![Expression of a reporter gene with human PDK4 5'-region after exposure to different compounds.\
The reporter gene *hPDK4_GauIII* with the 5'-region from the human PDK4 promoter and the control vector *pT81_GauIII* were transfected into U87 and T98G cells. Cells were exposed to carnosine (Car; 50 mM), rapamycin (Rap; 25 nM), Ly-294,002 (Ly; 5 μM) or to vehicle control (Con) and luciferase activity was determined after 24 hours of incubation (6 independent wells). \*: p\<0.05; \*\*: p\<0.005, and \*\*\*: p\<0.0005.](pone.0218972.g002){#pone.0218972.g002}

![Viability of U87 and T89G cells under the influence of carnosine, rapamycin and Ly-294,002.\
Cells from the lines U87 and T98G were cultivated for 24 hours in the presence of carnosine (Car; 50 mM), rapamycin (Rap; 25 nM), Ly-294,002 (Ly; 5 μM) or vehicle control (contr). Then, the amount of ATP in cell lysates (left panels) and dehydrogenase activities (right panels) as a measure of cell viability were determined. Upper panels show the influence of each compound on viability compared to untreated cells. In the lower panels the effect of rapamycin and Ly-294,002 on the viability of cells treated in combination with carnosine (cells treated with carnosine only set as 100%) is shown. Mean and standard deviation are presented from 8 independently treated wells for each condition. \*: p\<0.05; \*\*: p\<0.005, and \*\*\*: p\<0.0005.](pone.0218972.g003){#pone.0218972.g003}

Cell viability under the influence of carnosine, rapamycin and Ly-294,002 {#sec014}
-------------------------------------------------------------------------

As the reporter gene assay performed indicated a strong influence of carnosine on viability of cells from the line U87, which was not observed in the presence of rapamycin and Ly-294,002, we decided to study the effect of the three compounds on viability in more detail. Therefore, U87 and T98G cells were cultivated in 96-well plates and exposed to carnosine (50 mM), rapamycin (25 nM) and Ly-294,002 (5 μM). Twenty-four hours later, cell viability was determined measuring ATP in cell lysates using the CellTiter-Glo assay and dehydrogenase activity using the CellTiterBlue assay. The result of an experiment in which 5000 cells per well were used is presented in [Fig 3](#pone.0218972.g003){ref-type="fig"}. As can be seen, carnosine had a significant effect on viability of both cell lines as determined by ATP production ([Fig 3a](#pone.0218972.g003){ref-type="fig"}) and dehydrogenase activity ([Fig 3b](#pone.0218972.g003){ref-type="fig"}). The determination of ATP in cell lysates did not show an influence of rapamycin on viability, but the determination of dehydrogenase activity clearly indicated that rapamycin affects dehydrogenase activity as a measure of viability, which is more prominent in cells from the line T98G than in cells from the line U87. Analyzing effects by combination of carnosine with the other compounds ([Fig 3c/3d](#pone.0218972.g003){ref-type="fig"}), a significant reduction of viability compared to cells treated with carnosine alone was detected by combination with rapamycin in both cell lines but only regarding dehydrogenase activity. Interestingly, dehydrogenase activity was increased in U87 cells treated with Ly-294,002 and carnosine compared to carnosine alone, and we identified a reduction of dehydrogenase activity in T98G cells combining Ly-294,002 with carnosine relative to cells treated with carnosine alone, which was not significant.

Phosphorylation of Akt and mTOR under the influence of carnosine, rapamycin and Ly-294,002 {#sec015}
------------------------------------------------------------------------------------------

The experiments presented in the preceding paragraphs indicated that carnosine's effect on PDK4 expression is different from that of rapamycin and Ly-294,002. To finally analyze whether PI3K/Akt/mTOR pathway signaling in U87 and T98G cells is affected at the level of Akt and mTOR phosphorylation, when the cells are exposed to carnosine and the inhibitors, we performed Western Blot experiments. Therefore, U87 and T98G cells were cultivated for 24 hours in the presence of carnosine (50 mM), rapamycin (25 nM) and Ly-294,002 (5 μM), and combinations of the compounds. Then, proteins were extracted, subjected to SDS-PAGE and Western Blotting was performed with antibodies directed against mTOR and Akt and their phosphorylated forms. In [Fig 4](#pone.0218972.g004){ref-type="fig"} representative Blots and a densitometric analysis from six (U87), and three (T98G) independent experiments with each pair of antibodies are presented. Whereas rapamycin was able to reduce mTOR phosphorylation in both cell lines, Ly-294,002 did affect phosphorylation of mTOR only in T98G cells but not in U87 cells. Most importantly, carnosine had no effect on phosphorylation of mTOR. Analyzing the phosphorylation of Akt we did not detect an effect of rapamycin on its phosphorylation, but a significant one by Ly-294,002 in both cell lines. Interestingly, carnosine significantly reduced phosphorylation of Akt in cells from the line U87 but not in T98G.

![Phosphorylation of mTOR and Akt under the influence of carnosine, rapamycin and Ly-294,002.\
Cells from the lines U87 and T98G were incubated in the presence of carnosine (Car; 50 mM), rapamycin (Rap; 25 nM), Ly-294,002 (Ly; 5 μM) or vehicle control or a combination of the compounds. Proteins were isolated, subjected to SDS-PAGE and Western Blotting was performed using antibodies for mTOR and mTOR phosphorylation at serine 2448 (mTOR and p-mTOR; left) and antibodies against Akt and Akt phosphorylation at serine 473 (Akt and p-Akt right). In the lower part, representative blots are presented in which the total amount of each signaling molecule is detected by red fluorescence and its corresponding phosphorylated form by green fluorescence. Below the combined bands are shown (merged) in yellow. Actin served as loading control (green fluorescence). A densitometry analysis from six (U87) and three (T98G) independent experiments was performed with each set of the two primary antibodies. Data is presented as "relative phosphorylation", indicating the ratio of the signal obtained with the phospho-specific antibody compared to the signal with the antibody direct against total protein of the factor under the influence of a compound, compared to this ratio in untreated control cells (set as 1). Statistical significance was calculated by one-way ANOVA with the Games-Howell post hoc test: \*: p\<0.05; \*\*: p\<0.005, and \*\*\*: p\<0.0005.](pone.0218972.g004){#pone.0218972.g004}

Discussion {#sec016}
==========

Here, we investigated, whether carnosine has an influence on the PI3K/Akt/mTOR pathway. Ample laboratory studies suggest that this pathway is vital to the growth and survival of cancer cells, including glioblastoma with hyperactivated PI3K/Akt/mTOR \[[@pone.0218972.ref007]\]. In our experiments, the PI3Kα/δ/β inhibitor Ly294,002 significantly inhibited phosphorylation of Akt in T98G and U87 cells, but an effect on phosphorylation of mTOR after 24 hours of treatment was only detected in T98G and not in U87 cells. More importantly, we found no indication of reduced viability after treatment with Ly294,002 in both cell lines. This appears to be in contrast to results obtained by others \[[@pone.0218972.ref029]\]. These authors observed enhanced survival of nude mice with intracranially implanted U87 cells after oral administration of the pan-class I PI3K inhibitor NVP-BKM120 (buparsilib; 5 times a week for a total of 20 treatments). In addition, they also detected enhanced apoptosis, as detected by Annexin V staining, in cultured U87 cells after 72 hour treatment with NVP-BKM120 \[[@pone.0218972.ref029]\]. We assume that it may be that the 24-hour incubation period employed in our experiments is too short to see effects of PI3K inhibition on tumor cell viability. This assumption is supported by data obtained with the glioblastoma cell lines LN229 and U251, which did significantly respond to 10 μM Ly294,002 only when they were incubated in its presence for more than one day \[[@pone.0218972.ref030]\]. It also should be noted that other authors point out that in the range of 4 to 8 μM Ly294,002 does not discernibly affect cell cycle progression, at least in U251 MG glioblastoma cells \[[@pone.0218972.ref031]\]. Carnosine, which also reduced phosphorylation of Akt in U87 cells, although not as strong as Ly294,002, had a strong effect on viability already after 24-hour exposure. We currently do not know why phosphorylation of Akt under the influence of carnosine is not observed in T98G cells. However, it has to be taken into account, that the status of phosphorylation is also dependent on the activity of phosphatases and other mechanisms such as subcellular localization (for a recent review see \[[@pone.0218972.ref032]\]).

Rapamycin (also known as Sirolimus) did reduce phosphorylation of mTOR in both cell lines, as it had to be expected, but it had no effect on viability as determined by ATP in cell lysates. Measuring dehydrogenase activity, a minor effect of rapamycin on viability was detected in U87 cells. In T98G cells the effect of rapamycin was comparable to the effect of carnosine, when measuring dehydrogenase activity. From these data, we conclude that the anti-neoplastic effect of carnosine is certainly not mediated via an effect on PI3K, and also unlikely to be mediated via mTOR. However, as demonstrated by the data presented in [Fig 3](#pone.0218972.g003){ref-type="fig"}, a small combinatorial effect of carnosine and rapamycin can be observed in both cell lines with regard to dehydrogenase activity, and not with regard to the amount of ATP in cell lysates.

The influence of Ly294,002 and rapamycin on PDK4 expression is known to be mediated by 5'-elements in the PDK4 gene, which we confirmed by our reporter gene assay. As carnosine did not increase the expression of the reporter gene, this observation supports the assumption resulting from the viability assays, that carnosine must mediate its physiological effects without influencing PI3K/Akt/mTOR in the glioblastoma cells used. At this point it may be hypothesized that elements which were not present in our reporter gene, such as intronic or 3'-elements, could be responsible for the induction of the PDK4 gene under the influence of carnosine. In fact, we just recently demonstrated that the effect of carnosine on PDK4 expression is linked to epigenetic mechanisms \[[@pone.0218972.ref033]\]. At this point it is also interesting to note, that a recent report, comparing PDK4 mRNA expression under the influence of carnosine and L-histidine in 21 primary glioblastoma cultures and 10 glioblastoma cell lines, revealed that no correlation exists between increased mRNA expression and the compounds influence on viability \[[@pone.0218972.ref034]\].

As already outlined in the introduction, there is evidence, that carnosine's effect on tumor cell viability is accompanied by effects on signal transduction and on tumor cell metabolism. However, the question remains, whether the effects on signal transduction detected in other tumor models, as outlined in the introduction, are resulting from a direct effect on a single transduction molecule or on a receptor. In fact, we recently demonstrated that increased expression of PDK4 is accompanied by epigenetic regulation \[[@pone.0218972.ref033]\], and the possibility cannot be ruled out that the primary target of carnosine is an unknown Histone Deacetylase. In that case, the observed changes in signal transduction may be a secondary response. As carnosine is able to react non-enzymatically with aldehydes \[[@pone.0218972.ref035]\], one could also imagine that its primary target is a metabolite, such as an aldehyde of the glycolytic pathway, which might explain its effect on ATP production from glucose \[[@pone.0218972.ref017]\]. Any influence on metabolism will in turn also feed-back on signal transduction \[[@pone.0218972.ref036]\].

Although, carnosine's primary targets have still not been revealed, we consider it worth to further investigate them, as understanding carnosine's mode of action could pave the way to the discovery of novel therapeutic interventions. In this context, it should be emphasized, that the present investigation demonstrates, that tumors, which do not or less respond to drugs targeting pathways, such as the PI3K/Akt/mTOR pathway, are still sensitive to carnosine. This could offer the opportunity for new strategies for the treatment of tumors in general and glioblastoma in particular, that are resistant to currently employed drugs. However, these interventions may include the design of novel drugs, targeting the primary targets of carnosine, as we are aware, that the concentrations employed in the in vitro experiments in the present study may not be reached in a patient by oral administration of the dipeptide. On the other hand, dose response studies demonstrated that lower concentrations are also effective \[[@pone.0218972.ref014],[@pone.0218972.ref024]\], especially after prolonged incubation \[[@pone.0218972.ref016]\]. In addition, the great advantage of carnosine is, that it is a naturally occurring compound, which has already been used for the treatment of other diseases, without having side-effects \[[@pone.0218972.ref037]--[@pone.0218972.ref039]\]. In addition, we just recently demonstrated that the dipeptide does not decrease the viability of fibroblasts \[[@pone.0218972.ref016]\], and does even have neuroprotective effects \[[@pone.0218972.ref040]\].
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###### Relative PDK4 expression after exposure to different concentrations of rapamycin and Ly-294,002.

Cells from the line U87 were cultivated at a density of 10^6^ cells per culture plate and exposed for 24 hours to different concentrations of rapamycin and Ly-294,002. The fold of enhancement of PDK4 mRNA expression was calculated from the relative expression of PDK4 (compared to the expression of mRNA encoding TBP) and compared to the corresponding control cells treated with vehicle.

(TIF)

###### 

Click here for additional data file.
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